Abstract. Tube and pipe straightening machines are used in the final phase of the tube manufacturing process. These straighteners ensure the straightening and adjustment of tubes produced by rolling, welding or other types of production. The basic requirement placed on tube straightening machines is that they must produce the most accurate possible tubular semi-product in the highest possible quantity and at the lowest possible cost. This ideal requirement is influenced by many undesirable factors that affect the entire straightening process and make this finishing operation a very complex problem. In this paper, the main attention is paid to the stiffness of the frame of the straightening machines, which is one of the most important factors that fundamentally influences the quality of the final product. There is a wide variety of types and designs of straighteners and this paper especially deals with a computation and comparison of 3 different frame types of six-roll tube straightening machines with cross axis. The straightening force of the rolls is exerted by hydraulic cylinders -every roll is pressed by its own hydraulic cylinder. To ensure the unequivocal comparison of the individual variants, all rollers are loaded by uniform straightening force. Finite element method (FEM) analysis of this problem was performed using MSC Marc 2011. Computational models of all straighteners were created for this numerical analysis. The frame geometry of all straighteners is symmetrical, and the load is also symmetrical, therefore, only half of each frame was modelled. The aim of this analysis was to find the frame with highest toughness.
Introduction
Demands on the quality of tubes and tubular products are still increasing. Also production volume of these products is rising and it has led to the need to solve the issues associated with the improvement of manufacturing technology and the finishing process of tubes. There are different principles and methods of mechanical straightening of tubular semi-finished products that can be selected and used for hot or cold straightening on specific purpose machines -straighteners.
The quality of products from the metalworking industry depends mainly on the perfection of the basic metalworking machine and also on the verified manufacturing technology (rolling, extruding, pressing, etc.). If the quality and accuracy of the product is not sufficient after the output from the basic machine, then finishing processes must be used (straightening, surface treatment, etc.). This paper focuses on tube straightening; however this is not the last operation in the manufacturing process. After the straightening process, further operations follow, such as checking curvature, further straightening, dividing into trade-length, chamfer of sharp edges, marking, etc.
Tubular products are one of the most widely used semi-finished products in industry, therefore it is necessary to improve both the basic and finishing machines as well as the manufacturing technology and thus prevent the production of defective pieces. Some defects occurring after basic metalworking operations can be successfully repaired during the finishing operations, while defective pieces produced during the finishing process usually cannot be repaired. These defective pieces produced in the last steps of the manufacturing process lead to a significant rise in the price of the final products because they include the cost of all stages of the production process. [1,2]
Computation
Finite element method (FEM) analysis of this problem was performed using MSC Marc 2011. All parts of the frame were considered to be pliable in the computational model and were discretized using linear volume elements with 8 (hex8) and 6 (penta6) nodes. Three different frames of six-roller straighteners were designed for this computation. All frame designs were based on real designs currently used in industrial practice. All presented variants have a pitch of 310 mm between the two neighbouring rollers. All rollers are pressed by their own hydraulic cylinders, which exert the desired straightening force. For the computation all rollers were loaded by uniform straightening force of F=100kN. The uniform straightening force for all the rollers was set to enable a clear comparison of the individual variants. Common carbon steel was considered as the material of all the frames and material properties were set according to [3] . Hook's law was considered to be valid for this material. The frame geometry of all the straighteners is symmetrical and the load is also symmetrical, therefore, only half of the frame was modelled in each analysis. The aim of this analysis was to find the frame with the highest toughness. The change of distance between the upper and lower clamping surfaces of the rolls was chosen as the evaluation criterion. This value was determined as the difference between the distance when the frame was preloaded and the distance during loading by the straightening force. The following three types of straightener frames were analysed ( Fig. 1) :
-Closed frame made of plates of thickness 20mm.
-C-frame supported by two columns of 90mm diameter. Preload. force of columns F P =100kN.
-Closed frame with four columns of 90mm diameter. Preload. force of columns F P =100kN. Specific geometric and static boundary conditions were set for the analysis [4] . All displacements in the area of the frame where it is fixed to the ground were prohibited in all the computational models and displacement in the X direction in the plane of symmetry of all frames was also prohibited. All computational models were loaded with static forces applied on the surface where the rollers are supported. Also, columns in the last two variants were preloaded with static preloading force using overclosure link in MSC Marc [5, 6] . The boundary conditions of the variant with C-frame are shown on a Fig. 2a .
Two types of contacts were defined between contact bodies of the model. Contact "glue" was set between bodies that cannot move mutually. This contact transfers all forces and can be used as replacement for bolted connections. Contact "touching" was set between bodies where the movement is possible. This contact allows the transfer of all forces except for tensile normal forces. The values of tangential forces that are transmitted via this contact are derived from the coefficient of friction that was specified as 0.15 for all touching contacts. 
Evaluation Closed Frame from Plates
Frames made of steel plates have a less difficult manufacturing process than frames with columns. The presence of bending stress in the side plates replacing the columns is expressed by an uneven tensile stress of these plates and therefore the potential of the cross-section of these plates is not fully utilized. With this concept, apart from the addition of thickness in the area of flanges for connecting the roller, it seems advisable to reinforce the main plates of the weldments that are stressed by bending. It depends on the specific requirements for a particular straightener, what the priorities are of rigidity in the area of the outer rolls and material savings.
C-frame with Two Columns
C-frame variant combined with the two-column design is mainly used because of the better spatial layout. From the point of view of the distance between the lower and the upper base, this variant has worse results than the next two variants. But even here, it is possible to achieve a higher rigidity with suitably added material thickness in some parts and still with further material savings. 
Four Column Frame
The four-column straightener frame has the highest overall stiffness of all the compared variants. However, from the results it is clear that the designed area where the rollers are clamped is inadequately rigid compared to the rest of the frame and it is possible to improve it by increasing the material thickness in this area. 
Computation Summary
The existing design of the straighteners is based on a concept where all the clamping areas of the rollers in the frame have the same design and stiffness specifications. This assumption in the dimensioning of the design is not based on the real needs of the straightening process, but on the dimensioning to the uniform stiffness of the whole machine. This leads to an overdimensioned design. For the real load of all rollers and the frame it would be necessary to analyse the loads of the individual rollers and the load the frame with these resulting forces. [7, 8] 
Conclusion
Tube straightening is a finishing operation used in the manufacturing process for both rolled and welded pipes. During the design of the straightening machine it is necessary to consider many factors that affect this process to ensure proper straightening. One of the most important factors is the stiffness of the frame of the machine. This paper describes the computational model of three variants of tube straighteners frames. The static and geometric boundary conditions are stated, the construction material and the simplification of the computational model are presented. In the next section, the results of all three design frame variants are shown and commented on. The computational models do not only serve to verify the stiffness of the existing variants, but these models can also be used to validate design modifications that can be used during the design and construction of new straighteners.
These new designs will be aimed at reducing the material requirements in the design of tube straighteners by optimizing the stiffness of the individual parts according to the needs arising from the straightening process, while maintaining the same straightening abilities of the existing machines.
